Introduction
============

Retinal ganglion cells differentiate earliest among all retinal neurons, and they can convey visual information to the visual cortex. By contrast, their death is associated with various visual diseases and conditions.[@R1] Oxidative stress can induce apoptosis by increasing mitochondrial membrane permeability transition, by inhibiting the mitochondrial respiratory chain, and by damaging mitochondrial DNA. RGCs are the longest-surviving cells in the retina.[@R2] Their long axons are sensitive to a lack of energy, and for this reason, they depend more on mitochondria, and are more vulnerable to mitochondrial dysfunction[@R3] and sensitive to oxidative stress.

Oxidative stress and cellular accumulation of ROS play a vital role in the stimulation of autophagy under conditions of nutrient deficiency,[@R4] hypoxia,[@R5] ischemia/reperfusion injury,[@R6] and other cellular stress responses.[@R7] By their very nature, ROS are unstable molecules, which have the capacity to readily convert to many different viable and active forms. For example hydrogen peroxide (H~2~O~2~)[@R8] and oxy-radicals (O~2~^−^) are 2 major forms of ROS, both of which mediate the induction of autophagy.[@R9]

Research has shown that after increasing IOP, retinal ischemia, ONT, axotomy, or optic nerve crush, the levels of autophagy increase in RGCs. Considering that ischemia/hypoxia can provoke oxidative stress, the axon is responsible for material transportation, and has high densities of mitochondria. Traumatic injury to the central nervous system (CNS) often results in secondary degeneration, which involves oxidative stress. Thus, we hypothesize that oxidative stress may exert important influences on the induction of autophagy in RGCs.

Autophagy and its Role in RGCs
==============================

Autophagy is a highly conserved metabolic process that permits the degradation and recycling of cellular constituents ([Fig. 1](#F1){ref-type="fig"}), including long-lived proteins and organelles, which are induced by various forms of stress, including hypoxia, growth factor withdrawal, starvation, or increased production of ROS.[@R10] In mammalian cells, there are predominantly 3 autophagic pathways that have been recognized: 1) macroautophagy (hereafter referred to as autophagy), 2) microautophagy, and 3) chaperone-mediated autophagy.[@R11]

![**Figure 1.** Early and late stage autophagy in retinal ganglion cell layers. In the earlier stage, the double-membrane-bound structure (see arrow) is fusing with a lysosome (shown by the arrowhead). At the later stages (see asterisk), fusion with the lysosome has occurred, and the structure (an autolysosome) is undergoing proteolysis. Scale bar: 500 nm.](auto-10-1692-g1){#F1}

Autophagy is primarily a nonselective degradation pathway, but evidence has confirmed the existence of different kinds of selective autophagy,[@R12] such as mitophagy,[@R13] reticulophagy,[@R14] pexophagy,[@R15] xenophagy,[@R16] and nucleophagy[@R17] that respectively refer to the selective removal of mitochondria, endoplasmic reticulum (ER), peroxisomes, intruding microorganisms, and nuclei.

The Molecular Mechanism of Autophagy
====================================

Our molecular understanding of autophagy was originally based on the identification of autophagy-related (*ATG*) genes in yeast, and the subsequent finding of orthologs in other eukaryotes.[@R18] Currently, 38 different *ATG* genes have been discovered primarily through *S. cerevisiae* genetics. Many of these genes were subsequently found to be conserved and to have parallel functions in multicellular eukaryotes.[@R19] Among all of the ATG proteins, one subgroup plays a central role in the molecular mechanisms of autophagy, which involves the formation, expansion and fusion of autophagosomes.

The complex molecular machinery of autophagy makes its regulation further complicated, and involves numerous signaling pathways that might also interact at multiple levels. The target of rapamycin is one of the central regulators of autophagy, and MTOR (mechanistic target of rapamycin) integrates upstream activating signals and subsequently inhibits autophagy. Class I phosphoinositide 3-kinase mediates autophagy, and does so predominantly through the regulation of TOR activity in response to insulin-like and other growth factors.[@R20] The AMP-activated protein kinase (AMPK) is an intracellular energy sensor, which specifically responds to energy depletion and positively regulates autophagy. The BCL2 (B-cell CLL/lymphoma 2) family proteins also play important roles in the regulation of autophagy. For example, BCL2 binds to BECN1 (Beclin 1, autophagy-related) and disorganizes the formation of the class III phosphatidylinositol 3-kinase (PtdIns3K) complex, and thus disrupts the induction of autophagy. In addition to BECN1, ER-located BCL2 may also inhibit autophagy by regulating free ER Ca^2+^ homeostasis.[@R21]

Autophagy Exists Extensively in the Central Nervous System
==========================================================

Mizushima[@R22] sub-classified autophagy into "baseline" and "induced," depending on its role. Neuronal autophagy, at basal levels, is protective, and it prevents the aggregation of damaged organelles and the accumulation of proteins in neurons, thus promoting axonal homeostasis and efficient clearance of cellular corpses. However, with the progression of autophagy, neurons subsequently undergo further stimulation, which deregulates the autophagic mechanism, making basal autophagy convert to induced autophagy.[@R23]

In the CNS, autophagic imbalance is seen in various chronic neurodegenerative diseases, including Parkinson,[@R24]^,^[@R25] Alzheimer,[@R26]^,^[@R27] and Huntington diseases,[@R28]^,^[@R29] and in acute neural disorders, including cerebral ischemia,[@R30]^-^[@R33] neurotoxin injury,[@R34]^-^[@R36] brain trauma,[@R37]^,^[@R38] and stroke.[@R39]^-^[@R41] The accumulation and aggregation of toxic or mutated proteins are common features of many neurodegenerative diseases, and autophagy appears to serve as an adaptive response in these chronic pathogenic processes, which degrades toxic or mutated proteins and does not appear to modulate neuronal cell death.[@R42] Additionally, the enhanced appearance of autophagy may act as a compensatory degradation system for proteasomal impairment.[@R43] By using pharmacological agents, the consensus opinions posit that the beneficial effects of autophagy in neurodegenerative disorders are associated with proteinopathies.[@R28]^,^[@R29]^,^[@R44] Autophagy in acute neuronal injury has been extensively described. However, the role of autophagy in these processes remains uncertain and controversial. The most relevant study for a deleterious effect of autophagy after neonatal hypoxic/ischemic brain injury is from Koike et al.,[@R45] in which they used neonatal mice in a model of specific *Atg7* knockout in the CNS, and found that *Atg7* deficiency prevents hippocampal neuronal death after hypoxia-ischemia injury. The chronic process of disrupted autophagy is well tolerated at the beginning, while longer durations and acute processes are not. It remains unknown precisely what duration of autophagy is not tolerated, and clearly further explorations of the molecular mechanisms that are involved in autophagy are also needed to gain greater understanding of the specific roles of autophagy under different conditions.

Roles of Autophagy in RGCs
==========================

Retinal ganglion cells are myelinated long-axon neurons in the CNS, and their axons constitute the optic nerves that transmit retinal signals to higher regions in the brain. Unlike other neurons in the CNS, the blood supply of RGC axons is different from that supplying cell bodies,[@R46] making it sensitive and vulnerable to different stress-induced damage. Autophagy is an adaptive process in response to various stressful conditions. In the next section, we summarize the role of induced autophagy in RGCs.

1) Elevated intraocular pressure
--------------------------------

Autophagy is originally activated in the dendrites of RGCs to promote cellular protection ([Fig. 2A and B](#F2){ref-type="fig"}). Thereafter, autophagy is predominantly activated in the cytoplasm where it provokes cell death. BECN1 is a component of several class III PtdIns3K complexes and contributes to the early formation of autophagic vesicles[@R47] in the retina, which predominantly locate to the ganglion cell layer (GCL).[@R48] In a rat model of chronic hypertensive glaucoma,[@R49] the expression of BECN1 and MAP1LC3/LC3 (microtubule-associated protein 1 light chain 3)-II/LC3-I proteins are increased throughout the 8-wk period following increased IOP. 3-methyladenine (3-MA) inhibits autophagy, and by contrast, it decreases RGC apoptosis. By electron microscopy, it was determined that activation of autophagy predominantly appears in the dendrites of RGCs during the first 4 wk. Thereafter, activated autophagy is essentially found in the cytoplasm of RGCs. Coincidentally, the clear loss of RGCs in the GCL also occurs during this time period. An explanation for these observations is that with the progressive increase in IOP, the neuroprotective effect of autophagy is dampened after 4 wk, and then triggers autophagic cell death. Russo et al.,[@R48] also found that dysregulation of basal autophagy occurs under conditions of retinal transient ischemia that is induced by acutely increasing IOP in adult rats. In addition, expression of both retinal LC3-II and BECN1 in retina are significantly decreased after 24 h of reperfusion. It was also found that calpain activity is responsible for BECN1 cleavage, which is mediated by the activation of the N-methyl-D-aspartate receptor. In the same study, under starvation conditions, silencing of *Becn1* prevents induction of autophagy, and increases cell death, which indicates a prosurvival role for autophagy in RGC-5 cells. In a rat retinal ischemia/reperfusion model elicited by acute increases in IOP, Piras et al.,[@R50] found that the number of neurons in the GCL decreases significantly after 24 h, an observation that can be partially prevented by 3-MA by potently inhibiting the formation of autophagosomes. After 12 h and 24 h of increasing IOP in the retina, the enhancement of both autophagosome formation and lysosomal activity are observed in GCL-neurons, which indicates an improvement in the autophagic flux.

![**Figure 2.** Autophagy is activated in RGCs. (**A and B**) Comparison of normal retinas (**A**) with experimentally-induced glaucomatous retinas (Exp GL, **B**). LC3 immunoreactivity is observed as clusters of small, intensely stained green granules. A markedly increased number of positive granules are visible in the cytosol of the RGC in the GCL (white arrows) and in the dendrites of the RGC in the IPL (red arrows). (**C and D**) RGCs in control retina and at 6 d after ONT. Cells from control retinas display a diffuse and homogeneous GFP-LC3 green fluorescence in the cytosol, whereas the axotomized RGCs in the right panel show visible GFP-LC3 dots in the cytosol that are identified as autophagosomes, and indicated by arrowheads. (**A and B**) Scale bar: 20 **μ**m; (**C and D**) scale bar: 10 **μ**m.](auto-10-1692-g2){#F2}

In these experiments, we found that with progressive increases in IOP, autophagy is originally activated in the dendrites of RGCs and protects the cells. Subsequently, autophagy is predominantly activated in the cytoplasm and causes cell death. We speculate that axons contain a large number of mitochondria, which make them more sensitive to chronic ischemia, which triggers autophagy to first maintain intracellular homeostasis. The protective effect of autophagy in axons might be prolonged; however, with the progressive increase in IOP, autophagy in the neuronal soma is activated and this process disrupts homeostasis, which may decrease cell viability. If the IOP increases acutely, then autophagy in the retina would be dysregulated, and the level of autophagy in GCL would be enhanced immediately. Such autophagic processes occur mostly in cell bodies, and induce neuronal cell death in a relatively short time.

2) Traumatic injury
-------------------

In traumatically injured RGCs, enhanced autophagy often starts before cell death for neuroprotection. However, the increasing post-lesional autophagy will aggravate axonal degradation, which may be calcium dependent. By electron microscopy, Sternberg et al.,[@R51] found that axotomy induces ultrastructural signs of both apoptosis and autophagy in neonatal rat RGCs for 24 h, and inhibition of autophagy by 3-MA decreases cell viability, which suggests a neuroprotective role of autophagy. Following optic nerve transection, the upregulation of autophagy-related genes such as *Lc3* (3 d after ONT) and *Becn1* (1 d after ONT) occur prior to RGC death (5 d after ONT). Treatment of RGC-5 cells with inhibitors of autophagy under serum deprivation decreases cell viability by nearly 40%, which indicates that activation of autophagy is neuroprotective and enhances survival of RGCs in adverse conditions.[@R52] In another study of RGCs in mice,[@R53] augmented autophagy also occurs on the third day of ONT and before the peak in cell death ([Fig. 2C and D](#F2){ref-type="fig"}). Moreover, genetic downregulation of autophagy in an *atg5*^flox/flox^ mouse model (specific deletion of *Atg5* in RGCs) or in an *atg4b*^−/−^ mouse model reduces the number of living cells after ONT. Pharmacological augmentation of autophagy increases cell viability in vivo. These observations collectively support the notion that autophagy constitutes a protective response after traumatic injury in RGCs.

Following optic nerve crush, the RGC axons degenerate and electron microscopy analysis reveals severe ultrastructural changes and autophagosome formation within the first hour after formation of the lesion.[@R54] Ninety min after the application of an autophagy inhibitor, axonal degeneration is significantly delayed. In the same study, researchers observed the intra-axonal calcium levels with the application of calcium ionophore and calcium channel inhibitors, and demonstrated that the increase of postcrush autophagy is calcium dependent. They hypothesized that mechanical injury to RGCs induces a rapid increase of intraaxonal calcium ions via calcium channels, resulting in a secondary accumulation of autophagosomes, which participate in the degeneration of axons.

Axonal dystrophy is a hallmark of axonopathy, which can be triggered by various neurodegenerative conditions, excitotoxicity and neuronal injuries.[@R55] It has been previously suggested that autophagy is associated with axonal dystrophic swellings and axonopathy. Following excitotoxic or axotomy injury, accumulated double-membrane vacuoles resembling autophagosomes are detected in dystrophic axon terminals.[@R56]^,^[@R57] Traumatic injury destroys the integrity of the axons, and we speculate that the observation of accumulated autophagosome-like vacuoles in these injured axons reflects the stimulated synthesis of autophagosomes, which is crucial for maintaining neuronal survival following axonal injury. Autophagic flux in axons may increase at one point after the formation of the lesion to protect neuronal soma from axonal damage, and prolonging neuronal soma survival. However, with the progression of the injury, autophagy may be inhibited or return to normal levels.

Interactions between Oxidative Stress and Autophagy in RGCs
===========================================================

Oxidative stress is recognized as a central contributor to neuronal injury. Axons are more sensitive to oxidative stress than cell bodies, and the elevation of ROS levels in axons occurs much earlier than is found in somas.[@R58] RGCs have numerous mitochondria in the intraretinal portion of their axons,[@R59] resulting in greater demand for energy and vulnerability to hypoxia-ischemia. A frequently used model for retinal ischemia is established by using elevated IOP.[@R60] Both acute and chronic ischemia contribute to oxidative stress, brought on by an imbalanced metabolic demand and associated with production of free radicals or reactive oxygen species.

The induction of autophagy is seen in adult and neonatal mouse striatum and cortex after hypoxic-ischemic injury,[@R30]^,^[@R61] and oxidative stress following cerebral hypoxia-ischemia may induce autophagy, which initially aborts apoptosis by eliminating damaged mitochondria and preventing necrosis via catabolic energy production.[@R62] However, it is unknown how autophagy participates in the execution of neuronal death following hypoxic-ischemic injury.[@R63]

Traumatic injury to the CNS often accompanies the progressive impairment of secondary degeneration, leading to greater reductions in neurons and cell function.[@R64] In axotomied or crushed phrenic nerves, oxidative stress might be directly produced via an increase in lipid peroxidation, and a decrease in antioxidant enzyme activities.[@R65] After partial optic nerve injury, RGCs undergo secondary death, but it is unclear how these nonviable cells distribute, and which cell death pathways are involved.[@R66] It has also been demonstrated that oxidative stress spreads from injured axons to surrounding RGC somata via the astrocytic network, which occurs in the early stages of secondary degeneration.[@R67] Blockade of calcium channels can protect RGCs from secondary death. We hypothesize that oxidative stress may play a leading role in the induction of autophagy in RGCs and present possible mechanisms as described in the sections below.

ROS Induces ATG4 Inactivation
=============================

In response to starvation, oxidative stress is activated and induces the formation of ROS, especially H~2~O~2~, which serve as signaling molecules in the induction of autophagosomes by regulating the activity of ATG4. H~2~O~2~ could bind to the cysteine 81 site of ATG4,[@R68] forming reversible sulfenic acid or disulfide bonds that shield cysteine 77 that can directly activate ATG4, and drive lipidation of LC3 (a mammalian ATG8 homolog), priming it for subsequent conjugation with phosphatidylethanolamine ([Fig. 3](#F3){ref-type="fig"}). This process is essential for autophagosome formation. After autophagosomes mature and fuse with lysosomes, the local environment changes to H~2~O~2~^−^ deficiency, where ATG4 turns to an active state, and thus LC3 is delipidated and recycles once again.[@R68]

![**Figure 3.** Regulation of autophagy by oxidative stress in RGCs. Various injuries cause oxidative stress in RGCs by primary and secondary degeneration, and thereby induce autophagy. ATG4 has 2 effects: A) it primes ATG8 homologs for conjugation with PE, allowing for lipidated LC3 and GABARAP family protein incorporation into the phagophore membrane, and B) deconjugation of LC3 and GABARAP protein from phosphatidylethanolamine apparently permits recycling of these proteins. Increased concentrations of ROS inactivate the second function of ATG4. In response to oxidative stress, HIF-1 is activated, which indirectly augments NMNAT via induction of IL6. Additionally, NMNAT may act on the upstream pathways of autophagy. Oxidative stress and increasing intracellular Ca^2+^ levels will activate AMPK, which promotes the formation of a TSC1-TSC2 complex, leading to MTOR inactivation and initiation of autophagy. Under oxidative stress, mitophagy is activated. BNIP3L localizes to the mitochondrial outer membrane, it interacts directly with LC3 or GABARAP, and mediates the recruitment of damaged mitochondria to phagophores. BNIP3L also competes with BECN1 for binding to BCL2 and thereby releases BECN1 to induce autophagy. PINK1 recruits the E3 ligase PARK2 to damaged mitochondria, which then mediates mitochondrial fragmentation and targeting to phagophores, which is followed by ubiquitination of VDAC1 and binding to SQSTM1. Then SQSTM1 targets this complex to the autophagosome by interacting with the autophagic protein LC3.](auto-10-1692-g3){#F3}

ATG4 exists in the CNS, and so oxidative stress may influence the activity of ATG4 and induce autophagy. *Atg4b/ATG4B* has been cloned as a mammalian homolog of yeast *ATG4* in humans and mice. Yoshimura et al.,[@R69] found that mRNA levels of *Atg4B* are high in brain tissues, especially in the olfactory bulb, cerebellum, and retina. Rodriguez-Muela et al.,[@R53] found that retinas from *atg4b*^−/−^ mice show a clear reduction in LC3 lipidation and an increase in the expression of SQSTM1 (sequestosome 1) levels. Compared with the control group, the number of living RGCs in *atg4b*^−/−^ mice is also lower after axotomy, suggesting that ATG4 exerts a crucial function in the autophagy of retinas and RGCs.

HIF-1 Mediates NMNAT Transcription
==================================

The elevation of IOP often causes ocular ischemia, and ischemia/reperfusion injury induces ROS generation. In response to hypoxia, hypoxia-inducible factor (HIF-1) is activated. HIF-1 is an important regulator that facilitates rapid adaptation and survival of cells under conditions of relative hypoxia (\~1% O~2~) to normoxia (\~21% O~2~). HIF-1 is composed of a constitutively expressed ARNT/HIF-1β subunit and an oxygen-dependent HIF1A subunit.[@R70]^,^[@R71] Ali et al.,[@R72] showed that HIF1A indirectly induces IL6/HSF (interleukin 6) and upregulates NMNAT (nicotinamide nucleotide adenylyltransferase) under hypoxia in *Drosophila* heads. Current research in *Drosophila* has revealed the neuroprotective effects of NMNAT against neuronal excitotoxicity- or injury-induced axonal degeneration and polyglutamine protein-induced neurodegeneration.[@R73]^-^[@R75]

Studies in mammalian neurons have also shown that overexpression of NMNAT protects against injury- or stress-induced axonal degeneration.[@R76]^-^[@R78] Previous findings also showed that NMNAT can inhibit ROS accumulation[@R79] and may suppress autophagy by inhibiting ROS accumulation under hypoxic conditions in the neuron. NMNAT3 is present in the optic nerve axon and is located in the mitochondria.[@R80] Kitaoka et al.,[@R81] has observed that NMNAT3 is present in RGC bodies and nerve fibers in rat retina. They transfected an *Nmnat3*--enhanced green fluorescent protein plasmid into RGC bodies and observed a significant increase in NMNAT3 protein levels in the optic nerve. *Nmnat3* transfection increases autophagic flux and decreases SQSTM1 protein levels in RGC-5 cells. Overexpression of NMNAT3 exerts a significant protective effect against axonal loss after IOP elevation, but this effect is suppressed by 3-MA, an autophagy inhibitor. This observation suggests that the protective effect of NMNAT3 might be involved in the autophagy machinery in optic nerve axons. Autophagy plays a self-destructive role in hypoxia, and NMNAT may act on the upstream elements or mechanisms of autophagy in a HIF1A-IL6 transcriptional pathway to protect optic nerve damage induced by hypoxic stress ([Fig. 3](#F3){ref-type="fig"}).

AMPK-Dependent Signaling and Autophagy
======================================

Oxidative stress will destroy the mitochondrial structure, which will further cause an energy imbalance. AMPK regulates metabolic pathways and acts as a crucial sensor of cellular energy.[@R82] When nutrients are scarce or when AMP/ATP ratio rises, AMPK will be induced.[@R83] Active AMPK promotes the formation of tuberous sclerosis complex (TSC1-TSC2). TSC1-TSC2 can decrease the GDP-bound form of RHEB (Ras homolog enriched in brain) and increase its GDPase activity. Many studies have shown that RHEB-GTP strongly stimulates the activity of MTOR, and does so both in vitro and in vivo.[@R84]

Thus, in an AMPK-TSC1-TSC2-RHEB pathway, MTOR is inhibited and subsequently autophagy is activated ([Fig. 3](#F3){ref-type="fig"}). Furthermore, AMPK is activated by 3 mammalian upstream kinases: 1) MAP3K7/TAK1, 2) STK11 (serine/threonine kinase 11) and 3) CAMK2B (calcium/calmodulin-dependent protein kinase II β).[@R85]^,^[@R86] Traumatic injury increases the intracellular Ca^2+^ levels, following which CAMK2B will be activated. Thus, the secondary death of RGCs may be associated with the activation of AMPK, which ultimately leads to engagement of autophagy.

Oxidative Stress-Induced Mitophagy
==================================

Accumulating evidence reveals that in addition to its distinct regulation in neurons, autophagy may also display unique functions in axons, and independently from the soma and dendrites.[@R23] In mammalian cells, axons are rich in mitochondria, where ROS are predominantly produced. The acute burst of ROS in mitochondria may be a crucial activator of mitophagy,[@R87] which is a process of mitochondria-selective autophagy in response to various signals, including oxidative stress, starvation, and modification of mitochondrial proteins. The selectivity of mitophagy is adjusted by various proteins like BNIP3 (BCL2/adenovirus E1B 19 kDa interacting protein 3), PARK2, PINK1 (PTEN-induced putative kinase 1), and the fusion and fission processes of mitochondria.[@R88]^-^[@R90]

BNIP3L/NIX (BCL2/adenovirus E1B 19 kDa interacting protein 3-like), localizes to mitochondria, and regulates the aggregation of damaged mitochondria to autophagosomes by directly interacting with LC3 or GABARAP (GABA\[A\] receptor-associated protein) ([Fig. 3](#F3){ref-type="fig"}). In vivo studies showed that HIF1A is stably expressed throughout the hypoxic retina, in the inner nuclear layer, and in RGCs.[@R91] Among the downstream targets affected by HIF1A, BNIP3 is one of the primary death-promoting proteins, which competes with BECN1 for binding to BCL2, and hence releases "free" BECN1 to induce autophagy.[@R92] In a hypoxic model made by CoCl~2~,[@R93] significant levels of autophagic cell death are observed in RGC-5 cells and the levels of HIF1A and BNIP3 are also increased. N-acetylcysteine[@R94] and pilocarpine[@R95] both protect RGC-5 cells against CoCl~2~-induced autophagy and apoptosis by targeting the HIF1A pathway via their effects on BNIP3.

Additionally, PARK2 is an E3 ubiquitin ligase, and studies have shown that PINK1 regulates the recruitment of PARK2 to depolarized fragmented mitochondria, which then activates the ligase activity of PARK2.[@R96]^-^[@R100] This process involves the ubiquitination of VDAC1 (voltage-dependent anion channel 1) and its combination with SQSTM1, which subsequently interacts with LC3 and directs this complex to the autophagosome ([Fig. 3](#F3){ref-type="fig"}).[@R92] In cultured dopaminergic neurons of the substantia nigra, PINK1 helps maintain standard mitochondrial morphology and mitochondrial membrane potential (ΔΨm), which plays a neuroprotective role in inhibiting ROS formation.[@R101] It has been reported that PARK2 is distributed throughout the brain, including the cerebral cortex, midbrain, cerebellum, and basal ganglia.[@R102]^-^[@R105] A recent study demonstrated that PARK2 exists in rodent, bovine, and primate retinas, and the location of PARK2 is quite ubiquitous, and is found in almost all of the major retinal neuronal types.[@R106] Cai et al.,[@R107] found that in mature cortical neurons, PARK2-tagged and depolarized mitochondria are predominantly detected in the soma and proximal dendrites, a site where mature lysosomes are located. The activity of PARK2 can be induced by ROS. Additionally, in a cortical neuron model, Joselin et al.,[@R108] showed that PARK2 translocates to the mitochondria, and this translocation only occurs in culture media that lacks antioxidants, which implies an important role for ROS in this system.

Conclusion
==========

Autophagy operates at the basal level in various cell types for constitutive intracellular clearance under normal conditions. Moreover, autophagy can be upregulated in response to oxidative stress, and the accumulation of ROS would further induce autophagy and mitophagy. After increasing IOP, retinal ischemia, ONT, axotomy, and optic nerve crush, the levels of autophagy in RGCs all increase. This phenomenon is associated with the activation of intracellular oxidative stress. However, it remains controversial whether the induction of autophagy in RGCs is actually beneficial.

We considered that the axons of RGCs contain a large number of mitochondria; they have a greater energy demand, and are more sensitive to oxidative stress. Thus, at the early stages of chronic injury, the oxidative stress-induced autophagy is predominantly concentrated in axons, and exerts a neuroprotective effect.

Axotomy and ONT destroy the integrity of RGC axons, and oxidative stress may initially activate autophagy in axons to avoid axonal degeneration and neuron cell death. Traumatic injury also provokes secondary degeneration of RGCs, which involves oxidative stress and leads to additional autophagy. However, with the development of oxidative stress, the increased degree of autophagy and the accumulation of autophagosomes not only exist in axons, but also in somas. We thus speculate that it is just at this time that the harmful effects of autophagy become evident.

Considering that the influence of individual differences and environmental factors might play important roles in the progression of various optic neuropathies, the extent of oxidative stress and autophagy are different in RGCs. If we could increase autophagy during the early stages of neuropathy and promote the level of autophagy in axons, the death of RGCs might be decreased. However, it remains a challenge to decide what exactly constitutes the "early stage" and the subsequent induction of autophagy, which might aggravate cell death. Drug-dependent methods lack specificity in regulating autophagy. If we could use genetic engineering techniques, and specifically achieve an increase in the levels of autophagy in RGC axons, and inhibit the activity of autophagy in somas, the protection of RGCs would be achieved regardless of the progression of various optic neuropathies.

In this review, we have summarized current opinion with regard to the relationship among RGCs, autophagy, and oxidative stress, and also discussed the possible mechanism of the activation of autophagy and mitophagy that is induced by oxidative stress in RGCs. In future studies, searching for new targets could specifically induce autophagy in axons or in somas, and thus derive genetic interventions that might represent a new method to protect RGCs from oxidative stress. More research is needed to explore the responsible molecular pathways about how autophagy is induced by oxidative stress in RGCs. This will be helpful in determining the differences between autophagy that is induced in axons and in somas, with the intention of designing novel genetic targets in the future for the early protection of RGCs in various retinopathies.
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